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Edited by Hans EklundAbstract Rubisco assumes the double role of accumulating bio-
mass by ﬁxing carbon dioxide to ribulose-1,5-bisphosphate and
binding of molecular oxygen to the same substrate. The speciﬁc-
ity factor of this mutually competitive activity, deﬁned as the
ratio of carboxylation to oxygenation eﬃciency, varies consider-
ably for reasons which remain obscure. The explanation and the
enhancement of speciﬁcity are of high theoretical and practical
interest. Despite a wealth of structures and experimental ﬁnd-
ings, the systematic analysis of available data is still at its begin-
ning.
Here, we (a) present an analysis of sequences of the large sub-
unit which reliably ﬁnds speciﬁcity-enhancing mutations and
ranks them according to the probability of success. For muta-
tions near the C-terminus, we (b) show by simulations that the
positive inﬂuence they have on speciﬁcity can be explained by
the time-window hypothesis.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Rubisco as the central enzyme of the Calvin cycle in photo-
autotrophic organisms catalyzes the ﬁxation of carbon dioxide
to ribulose-1,5-bisphosphate (carboxylation) [1]. It is the sole
signiﬁcant interface between the biosphere’s inorganic and or-
ganic regimes accumulating biomass. Rubisco also catalyzes
the binding of molecular oxygen thereby competing for the
same substrate (oxygenation), which is the entry of the energy
consuming photorespiratory pathway. The enzyme’s speciﬁcity
factor deﬁned as the ratio of carboxylation to oxygenation eﬃ-
ciency varies considerably among photosynthetic species.
So far this variation is not fully understood despite the grow-
ing number of X-ray structures and the wealth of experiments
aimed at elucidating this discrepancy [2]. In most cases, site-spe-
ciﬁc mutations impair the function, and only a few substitutions
were found to enhance speciﬁcity [3]. A ﬁrst systematic evolu-
tion-based computational screening of Rubisco sequences for
speciﬁcity-determining surface residues (SDSR) was reported
only recently [4]. C-terminal residues extending beyond 418 –
the minimum length of a functional large subunit is 475 – were
either not considered or failed to show the presence of SDSR.*Corresponding author. Fax: +49 2343214626.
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doi:10.1016/j.febslet.2007.01.043The C-terminal strand (>460) is the outer element of the
closing/opening mechanism of the active site. Evolutionary
studies [5] and experiments [6,7] have given rise to the consid-
eration of its contribution to speciﬁcity. A possible mechanistic
explanation was given by the so-called time-window hypothe-
sis [8]. It assumes that the C-terminus remains closed only for a
typical time interval (the time-window) before it performs a
conformational change which temporarily interrupts catalysis.
Speciﬁcity is steered by the length of the time-window which
diﬀerentially aﬀects the fast carboxylation and the slow spin-
forbidden oxygenation. It is not expected that the C-terminus
opens completely as long as the sugar substrate is found in the
binding niche. Even small conformational changes are able to
impair the crucial position of catalytic residues. The relation-
ship between composition of the C-terminal strand, speciﬁcity
and conformational kinetics is the focus of this bioinformatic
study.
Moreover, the impact of mutations in the accessory small
subunit [9] and the correlation between speciﬁcity and carbon
isotope fractionation [10] indicate that ‘‘architectural’’ con-
straints play a role. Therefore, the analysis is not restricted
to the C-terminal strand, but extended to the full-length se-
quence of the large subunit containing the binding niche.
The small subunit is not regarded here.
First, we search for speciﬁcity-determining residues (SDR)
using a novel sequence analysis technique applied to datasets
of Rubisco primary structures with known speciﬁcity factors.
The technique ranks existing mutations according to the mean
speciﬁcity enhancement or the probability of successful
enhancement.
Second, the most promising C-terminal substitutions are
modeled and their dynamics analyzed in simulations. Using
targeted molecular dynamics simulation (TMD) [11] the con-
formational change of the C-terminus is enforced and analyzed
energetically and structurally.
Our search for speciﬁcity-determining residues conﬁrms pre-
vious ﬁndings and adds some very promising new candidates
which may lead to experimental veriﬁcation. The simulation re-
sults further substantiate the time-window hypothesis as an
explanation of Rubisco’s speciﬁcity. They also demonstrate
that simulations can be a useful mean for in silico mutant selec-
tion prior to performing costly real biochemical experiments.2. Materials and methods
2.1. Sequence analysis
In order to determine sequence modiﬁcations which potentially im-
prove speciﬁcity the SeqCat algorithm was developed. This methodblished by Elsevier B.V. All rights reserved.
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thus yields a ranking of point mutations which possibly improve a gi-
ven reference enzyme, here Synechococcus sp. PCC6301. First, the N
sequences of the set are properly aligned by e.g. CLUSTAL-W [12].
For every position p of the multi-sequence alignment (MSA) and res-
idue r which are found there, the mean is taken over all npr occurrences
k to obtain the mean speciﬁcity hXpri ¼ 1npr
P
kXprk and its variance
r2pr ¼ 1npr1
P
k Xprk  hXpri
 2
.
The mean change relative to the reference sequence
hDXpri ¼ hXpri  Xref ðindicator 1Þ
is the ﬁrst indicator of a successful mutation r at the given position p. It
should be positive and as large as possible. From the following treat-
ment, we exclude all mutations which occur only once because they
possess no statistical meaning. The dimensionless quantity
Spr ¼ hDXpri=rpr ðindicator 2Þ
is a second indicator which regards the statistical weight expressed by
the variance. It can be interpreted as a signal-to-noise ratio. More
important, it is a measure of the probability of success associated with
the mutation to r, P(DXpr > 0), which can be seen as follows. Let us
assume that Xprk is normally distributed around a mean ÆXpræ. A brief
analysis then shows that P(DXpr > 0) increases, whenever Spr increases.
It is only 0.5 = 50% at Spr = 0. For Spr = 1, 2, 3 the probability of suc-
cess increases to 84%, 97%, 99.9%, respectively. Therefore, the indica-
tor Spr is a measure of the probability of success by the mutation to r.
Whenever it is positive, an increase of speciﬁcity is more probable than
a decrease, and the mutation with the largest Spr at a given position is
the most promising one.
2.2. Simulations
The dynamic simulations aim at answering how the primary struc-
ture of the mobile part of the C-terminal strand determines the time-
window of catalysis, i.e. the lifetime of the closed state. The computing
time for determining the height of the activation barrier of opening
would be prohibitively long. Therefore, we decided to measure the
work which is required for the conformational transition that opens
the niche. MD simulation was used for equilibration. The enforcing
of the binding niche gating was performed with TMD [11]. The GRO-
MACS [13] and GROMOS96 [14] simulation packages were employed
with explicit SPC water and force ﬁeld 43Al [14].
The MD simulations were based on the Rubisco structure 1RBL
from the reference organism Synechococcus sp. PCC6301. Due to sys-
tem size considerations two large subunits (L2; including two binding
niches) of the entire hexadecameric L8S8 complex were simulated. The
small subunits could be omitted; experiments have shown that total
removal in contrast to certain point mutations [9] exerts negligible
inﬂuence on speciﬁcity [15]. The missing adjacent monomers were emu-
lated by restraining harmonic potentials (kxyz = 6000 kJ mol
1 nm2)
on heavy atoms involved in polar contacts between neighboring sub-
units.
The binding niche was modeled in the state prior to binding of the
competing gaseous ligands to RuBP (which is the crucial step for spec-
iﬁcity). The primary substrate is present in enediol form and the carb-
amylated K201 is protonated. Here, we followed the reaction scheme
presented in [16] and the calculation described in [17]. The parameter-
ization of these non-standard residues was achieved by utilization of
the PRODRG service [18]. Excluded to this are the bonded parameters
of the terminal phosphates which were parameterized according to the
43A1 force ﬁeld standard. To determine the partial charges, density
functional theory calculations at B3LYP/6-311++G(3df,3pd) level
with ESP charge ﬁtting were performed. In locations where charges
of standard groups (like hydroxyl moieties) resembled the 43A1 values
very closely, the latter were used for the corresponding atoms. Eﬀec-
tively only the charges of the phosphate groups were derived quantum
mechanically. The carbamylated K201 was parameterized in a similar
fashion. Protonation states of histidines was determined using the HB2
algorithm implemented in the WHAT IF program [19].
The crystal waters were retained, and the protein was inserted into a
simulation cell ﬂooded with bulk water. The resulting system contained
a total of 78854 atoms. It was energy minimized, heated and equili-
brated during 200 ps with the GROMACS package. Cutoﬀ electrostat-
ics and a reaction ﬁeld were used (rcp = 0.8 nm, rcl = 1.4 nm,
rcrf = 1.4 nm, erf = 54). The time step was 1 fs, the bond lengths tohydrogen atoms were constrained by SHAKE in GROMOS96 and
LINGS in GROMACS. All runs were performed at a temperature
of 298.15 K and a pressure of 1 bar, both regulated by a Berendsen
thermostat and barostat.
Structures for the three mutants were generated using the SWISS-
MODEL service [20]. As the tertiary structure of Rubisco’s large sub-
unit is highly conserved, such an automated approach is suited to treat
small diﬀerences in sequence. The approach was validated by compar-
ison of the PATV mutant (see below) with the X-ray structure of
Spinacia oleracea (1IR1 [21]) which shows the same C-terminal motif.
For the TMD simulations, we employed a model of the open target
structure which is not resolved by X-ray crystallography. This struc-
ture had been modeled and equilibrated with implicit water using the
LAMMPS simulation package [P. Crozier, personal communication].
Transitions to the target structure was performed by applying the
TMD technique [22] to the wild type and mutant structures in GRO-
MOS96. Each run (200 ps) was repeated four times with diﬀerent ini-
tial conditions. The TMD constraint was applied to all carbon
atoms of the last eleven amino acids of the C-terminal sequence
(465–475) and the surrounding residues within a distance of 3.5 A˚.
To avoid interference with the SHAKE constraint, all atoms with
hydrogen bound to them were excluded from the TMD constraint.
For a transition generated with TMD, a free energy proﬁle DG(q)
can be obtained as the integral over the equilibrium means hf cq i of
the constraint force f cq which is associated with the constrained reac-
tion coordinate q [22,23]. An approximation for DG(q) is the proﬁle
of the work,
DW ðqÞ ¼
Z q
q0
f cq dq
where the means are replaced by momentary values. Here, we are only
interested in ranking mutants according to activation energy, not in
absolute values. For each mutant, therefore, the work proﬁles of four
TMD runs were calculated and averaged for comparison with other
mutants.3. Results
3.1. Sequence analysis
Two datasets of green type Rubisco large subunit sequences
and corresponding speciﬁcity factors were analyzed by the Seq-
Cat algorithm (see Table 1 and Fig. 1). The ﬁrst set contains 11
primary structures with the C-terminal strand ending at posi-
tion 475 like the reference enzyme of the cyanobacterium Syn-
echococcus, which simpliﬁes the interpretation of the eﬀects of
mutations. The maximum values of the indicators ÆDXæ and S
at each position of the sequence are shown in Figs. 2 and 3.
They reveal potential candidates for mutagenesis experiments.
A second set was extended to 21 sequences without any restric-
tions regarding the length of the C-terminal strand. As ex-
pected, this set exhibits all features of the ﬁrst set and yields
some additional sites showing a correlation with speciﬁcity
as shown in Figs. 4 and 5.
These results of the SeqCat algorithm show good agreement
with the outcome of an evolution-based scheme described in
[4], as displayed in Table 2. Nonetheless each method uncovers
potentially important residues which are not detected by the
other one. We detect promising point mutations in the N-ter-
minal region <73 and the C-terminal region >418 which have
not been reported before. Especially near the C-terminus, Seq-
Cat exclusively identiﬁes position 470 as the main player in
determining speciﬁcity. The conspicuous substitution E470P
eliminates an ionic bridge from the C-terminal strand to
R131 of the adjacent large subunit in a functional dimer. This
contact ﬁxes the tail to the protein surface in the closed, active
conformation. Elimination should imply a higher mobility of
Table 1
The data sets of sequences and speciﬁcity factors analyzed with SeqCat
Species Group Length Speciﬁcity X Sequence ID
Nostoc sp. PCC7120 Cyanobacteria 475 35.0a BAB77890.1
Synechococcus sp. PCC6301 Cyanobacteria 475 47.0b BAD78320.1
Euglena gracilis Euglenozoa 475 54.0c NP_041936.1
Setaria italica Streptophyta 475 58.0a P56647
Chlamydomonas reinhardtii Chlorophyta 475 61.0c P00877
Zea mays Streptophyta 475 78.6d NP_043033.1
Glycine max Streptophyta 475 82.0c ABC25107.1
Pisum sativum Streptophyta 475 90.0e P04717
Spinacia oleracea Streptophyta 475 92.0b NP_054944.1
Quercus ilex Streptophyta 475 93.0f BAD14083.1
Limonium gibertii Streptophyta 475 110.5g CAH10354.1
Hydrogenovibrio marinus 1 Proteobacteria 480 25.0h Q59458
Hydrogenovibrio marinus 2 Proteobacteria 478 33.0h Q59460
Allochromatium vinosum Proteobacteria 480 44.0e P22849
Thiobacillus denitriﬁcans Proteobacteria 480 46.0i AAB70697.1
Nicotiana tabacum Streptophyta 477 77.0c NP_054507.1
Lycopersicon esculentum Streptophyta 477 82.0j P27065
Hordeum vulgare Streptophyta 479 87.0d AAN27989.1
Flaveria pringlei Streptophyta 485 102.0b P19162
Helianthus annuus Streptophyta 485 104.0k AAD13766.1
Triticum aestivum Streptophyta 477 107.0k AAP92166.1
aRoy and Andrews [16].
bZhu et al. [6].
cJordan and Ogren [32].
dKane et al. [33].
eUemura et al. [34].
fBalaguer et al. [35].
gGalmes et al. [36].
hHayashi et al. [37].
iTabita et al. [38].
jKeys [39].
kParry et al. [40].
Fig. 1. C-terminal strands of the sequence sets analyzed with SeqCat. The highly conserved residue D473 is highlighted.
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window hypothesis.
It is remarkable that most of the residues presented here
were not considered as candidates in mutation experimentsso far. Only position A340 was object of systematic mutagen-
esis experiments [24–26]. This residue is at the surface of loop 6
and in contact with the C-terminus. Its substitution alters
the local surface structure, electrostatics, and the enzyme’s
Fig. 2. Speciﬁcity change ÆDXæ as obtained by SeqCat for mutations
on sequences with a length up to position 475 matching the reference
enzyme.
Fig. 3. Probability-of-success indicator S as obtained by SeqCat for
mutations on sequences with a length up to position 475 matching the
reference enzyme.
Fig. 4. Speciﬁcity change ÆDXæ as obtained by SeqCat for mutations
on sequences with unrestricted length.
Fig. 5. Probability-of-success indicator S as obtained by SeqCat for
mutations on sequences with unrestricted length. The data are noisier
than in the length-restricted set since the sequences are more
heterogeneous. Nonetheless the maximum band is located at position
470.
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Some mutations at this site showed a slightly increased speci-
ﬁcity, which is in accordance to the SeqCat results. Our ﬁrst
choice was A340D with ÆDXæ = 6.67, S = 4.8, for which the
experiment yielded a 5% increase in speciﬁcity [27]. Substitu-
tion of four residues including position 470, was shown to
slightly improve speciﬁcity [7]. It will be discussed in detail be-
low. However, the multiple substitutions in this mutant com-
plicate the analysis of contributions from single amino acids.
In the evolution-based approach [4] position 222 is high-
lighted as being part of several speciﬁcity-determining residue
clusters ranging from 182 to 260. In the results of our SeqCat
algorithm, substitution at this site exhibits high speciﬁcity in
both sets, cf. plots Figs. 1 and 3, but at only medium probabil-
ity-of-success indicator S = 1.56 as shown in Figs. 2 and 4.
In its present form, the SeqCat algorithm is searching for
suitable point mutations at each sequence position without
evaluating possible speciﬁcity-determining intercorrelationsof adjacent residues. The mentioned mutagenesis experiments
and a visual inspection of our data sets indicate an important
role of at least double mutants. As an example, we considered
the occurrence of proline and alanine in the C-terminal strand
of 278 green type Rubisco sequences (most of them lacking
published speciﬁcity data) retrieved from the SWISS-PROT
database [20]. P470 was found 49 times in this sample, 200 se-
quences carry A471. The combination P470+A471 occurred in
47 cases. One should therefore consider, rather than the single
point mutation E470P, the double mutant ET(470-471)PA
which we denote as ‘‘PA’’ mutant. A related quadruple mutant
(‘‘PATV’’) is ET(470-471)PA-KL(474-475)TV. It already drew
attention because it represents the C-terminal motif of the
high-speciﬁc Spinacia oleracea sequence and in fact increased
speciﬁcity by 9% [7]. The substitution E470P alone weakens
the contact of the C-terminal strand to the surface (E470/
R131) and eliminates the internal salt bridge E470/K474 of
Table 2
Mutations suggested by SeqCat with corresponding indicator values
S > 3 from the length-restricted (475 positions) and unrestricted data
sets. Coincidence with the output of the evolutionary scheme is shown
in the last column
Substitution S (length
restriction)
S (no
restriction)
Evolutionary
scheme
1LGERSM 4.42 4.42
K32L 4.15
D76N 4.15 4.15 +
H86G 3.62
P89R 9.19
Q91A 4.00 4.30
Y105W 3.54
V142T 4.24 +
A143T 3.54
I225L 4.80
E249D 4.45
E255V 3.03 +
K282H 3.95 3.87 +
S328A 3.21 3.21
A340D 4.80 +
S341M 3.54
S359A 3.54
A369V 3.95 3.79 +
T418V 4.45 3.84 +
R439T 11.82
G449T 6.32
E464A 3.54
K466V 9.19
E468N 9.19
E470P 29.24 29.24
T471P 3.54
K474V 9.19
L475I 3.01
-477 T n/a 11.82
-478DKDK n/a 11.82
Fig. 6. Breakup of the salt bridge between Ng of D473 and Od of R134
in the WT during a single TMD run (at q0  q  0.9 A˚), dS is the
distance Ng–Od. The rupture of this highly conserved, buried contact is
the crucial event at the beginning of the opening process.
Fig. 7. Proﬁle of the nonbonded interactions of the C-terminal strand
with the underlying protein corpus of the WT. Visible events are (1)
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the closed, active conformation, elimination decreases the
rigidity of this segment and is expected to increase further
the switching rate. The mutation K474T also loses the internal
bridge and leads to altered surface electrostatics. To discrimi-
nate the particular inﬂuences of the charged C-terminal resi-
dues, the K474T mutant (‘‘T’’) shall also be studied in
simulations.breaking of the salt bridge D473/R134, (2) C-terminal tip bending
back, (3) transient salt bridge of D473 and K128, (4) formation of the
target secondary structure, and (5) relaxation.3.2. Simulations
In order to dissect the dynamics of the C-terminal strand, an
opening transition of this element was simulated by applying
the TMD technique. Reaction coordinate q is the RMS dis-
tance of the C-terminal atoms from their positions in the open
conformation which runs from q0 = 7.7 A˚ down to 0.0 A˚. As
expected from X-ray structure, the crucial event in the confor-
mational change is the breakup of the highly conserved, buried
salt bridge D473/R134. Fig. 6 shows initial ﬂuctuations of the
Ng–Od distance dS followed by a clear increase to the double
length. It is likewise observed as the ﬁrst event in the non-
bonded interaction of the C-terminal strand with the underly-
ing protein body displayed in Fig. 7. In either representation it
occurs near q0  q = 0.9 A˚. At larger values, only structural
rearrangement is observed while the contact remains open.
Obviously the D473/R134 ionic contact poses the main bar-
rier for the opening process. Interference in the apex of the C-
terminal segment leads to a severe reduction or even lack of
enzymatic activity as shown by experimental ﬁndings frommutagenesis [28] and proteolysis studies [29]. Thus, an inter-
mittent structural perturbation like the breaking of that salt
bridge temporarily switches the enzyme to the inactive state.
The well-deﬁned positioning of the breakup along the reac-
tion coordinate supports the interpretation of the work proﬁles
which, as approximants of free energy, tend to be less struc-
tured because every increase of energy tends to be compen-
sated by an increase in entropy. For determining the impact
of the designed mutations onto the opening rate of the C-ter-
minal strand, average work proﬁles of mutants and wild type
are compared (see Fig. 8).
As expected from the SeqCat results, the (hypothetical) PA
mutant demands the lowest work to open the C-terminal
strand. Beyond the statistical error, it is much smaller than
for the wild type. The experimentally conﬁrmed slightly higher
speciﬁcity of the PATV construct is reﬂected by the moderate
Fig. 8. Work proﬁles of the proposed mutants in comparison with the
WT. The catalytically important salt bridge D473 to R134 is breaking
at q0  q  0.9 A˚. The proﬁles are averages over four runs of 200 ps.
The error is <20 kJ/mol at the highest values. The PA construct
exhibits the lowest opening work, i.e. the highest switching rate to the
inactive state.
Fig. 10. Comparison of structures with open C-terminal tail gained
from TMD (50 ps; magenta) and free MD runs (5 ns; cyan). Both
conformations are very similar, i.e. TMD yields realistic transitions in
short simulation times.
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T mutant.
The comparison of X-ray structures has revealed a correla-
tion between the distance of the substrate’s phosphate moieties
and the opening of the binding niche [30]. Therefore, we mea-
sured this distance for both niches of our dimeric simulation
system during the enforced conformational transition of only
one of them. The substrate in the pocket unaﬀected by TMD
showed no change in phosphate distance. In the other subunit,
however, where the niche was opened by TMD the distance in-
creased during the simulation as shown in Fig. 9. Obviously
the simulation system is capable of reproducing the mechanical
coupling of surface residues’ motions and the buried binding
niche. Such a connection is mandatory for the ﬁnal release
of products by complete opening of the niche. It is also indis-
pensable for the functional role as a switch claimed by the
time-window hypothesis, which assumes interruption of catal-Fig. 9. Distance of phosphate moieties dp in the unaﬀected niche (left)
and the adjacent pocket opened by TMD (right). In the latter the
distance increases during the opening process, which is in agreement
with ﬁndings in crystal structures (see text).ysis by intermittent partial opening. This coupling is mediated
by the underlying loop 6 which is ﬁxed in the closed, active
state by the C-terminal tail [7,28,30,31]. The exact nature of
the switch is a perturbation of the catalytically active K334
of loop 6 which will be elucidated in a forthcoming publica-
tion.
The path taken by the C-terminal strand during the TMD
enforced transition was conﬁrmed to be realistic by compari-
son of an intermediate structure to results obtained from long
term free MD simulations (5–10 ns). Fig. 10 shows snapshots
obtained by either method of the moment when the crucial salt
bridge D473/R134 is about to open. All elements of the ﬂuctu-
ating system are in a comparable conﬁguration.4. Discussion
Despite a wealth of structures and experimental data, the
systematic analysis of Rubisco’s sequence-speciﬁcity relation-
ship is still at its beginning. Here, we have applied two bioin-
formatic tools, sequence analysis and dynamics simulation,
to identify speciﬁcity-determining residues and to elucidate
their functional role.
This study is the ﬁrst one to consider the full-length se-
quences of green type Rubisco large subunits with known spec-
iﬁcity. The newly developed SeqCat algorithm ﬁnds relevant
residues which have also been partially identiﬁed recently on
a completely diﬀerent basis [4]. As they are widely scattered
over the sequence, some of them may contribute to the ﬁne-
tuning of the catalytic site, in particular the binding of the
carboxyketone intermediate hypothesized recently as a factor
of speciﬁcity [10].
New sites are detected in the C-terminal region (>418) which
do not seem to have been regarded so far, and a hot spot of
highest probability-of-success in the C-terminal strand (>460)
which is closing the loaded binding niche.
The most promising C-terminal mutation E470P eliminates
an ionic contact to the protein surface and is present in the al-
ready measured, speciﬁcity-enhanced construct PATV [7]. This
bridge, E470/R131, contributes to stabilizing the closed con-
formation in the native enzyme and hence is a suggestive can-
didate for mutagenesis studies. Moreover, the double mutation
C. Burisch et al. / FEBS Letters 581 (2007) 741–748 747to E470P-T471A is probably better than a single point muta-
tion E470P. Residue K474 as part of the tail’s internal salt
bridge plays a minor role. Of all other obtained suggestions
only residue position 340 below the C-terminal tail has already
been tested systematically by site-directed mutagenesis in vitro
where indeed a moderate increase in speciﬁcity could be
achieved.
The C-terminal tail is part of the binding niche closing-
mechanism. According to the time-window hypothesis [8] –
which is the only detailed model of a contribution to speciﬁcity
– the activation energy for lifting the tail should decrease with
increasing speciﬁcity. The successful mutant E470P is an
instructive example which supports the hypothesis because
the missing glutamate implies a missing salt bridge and there-
fore also lower activation energy. Our simulations on Rubisco
mutants conﬁrm this hypothesis and are in agreement with the
mutation experiments mentioned and further support the
hypothesis of a dynamical factor contributing to speciﬁcity.
No biophysical experiments on the dynamics of the C-terminal
tails are available yet. Therefore, the present simulation results
are the ﬁrst detailed substantiation of the postulated relation-
ship between dynamics and speciﬁcity.
Of most importance will be further mutagenesis experiments
destined to verify the impact of mutations on the residues
which have been highlighted in the present study.
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